Reactive
oxygen species (ROS), continuously generated as by-products of respiration, inflict more damage on the mitochondrial (mt) than on nuclear (nu) genome because of the former's nonchromatinized nature and proximity to ROS source. Such damage, particularly single-strand breaks (SSBs) with 5' blocking deoxyribose products generated directly or as repair intermediates for oxidized bases, is repaired via the base excision/SSB repair (BER)/SSBR pathway in both nu and mt genomes. Here we show that EXOG, a 5'exo/endonuclease and unique to the mitochondria unlike FEN1 or DNA2, which like EXOG have been implicated in the removal of the 5' blocking residue, is required for repairing endogenous SSBs in the mt genome. EXOG depletion induces persistent SSBs in the mt DNA, enhances ROS level, and causes apoptosis in normal cells but not in mt genome deficient rho0 cells. Thus, these data show for the first time that persistent SSBs in the mt genome alone could provide the initial trigger for apoptotic signaling in mammalian cells.
A mammalian cell contains up to several thousands copies of duplex, circular 16.5 kb mt genome within 80-700 mitochondria depending on the cell type (1, 2) . The mtDNA encodes essential subunits of the respiratory chain, tRNA and rRNAs, all of which are critical for maintaining oxidative phosphorylation (OXPHOS) (3) . OXPHOS accounts for about 85% of oxygen consumed by the cell, and early reports estimated that under physiological conditions, ~5% of consumed oxygen is partially reduced to ROS (4) . Although recent reports indicate a much lower level of ROS production in normal cells, even low persistent ROS level has long term detrimental effects (5, 6) .
Thus, the mitochondria, the major cellular site for ROS generation, are under continuous oxidative stress that results in oxidative damage to DNA, as well as proteins and lipids (7) .
ROS-induced DNA damage includes multitude of mutagenic oxidized bases and single-strand breaks (SSBs) containing 3' and 5' blocking groups in DNA, which are generated both directly or as intermediates during BER (8, 9) . Due to close proximity of the site of ROS generation and nonchromatinized state of the mt genome, the mutation rate in human mtDNA is 20-to 100-fold higher relative to the nu DNA (10) . As summarized in recent reviews (11) (12) (13) repair of oxidized base lesions or abnormal bases is initiated with their excision by a DNA glycosylase.
A monofunctional glycosylase, such as uracil-DNA glycosylase (UDG), excises U from the DNA to generate an AP site which is then cleaved by AP-endonuclease (APE1) in mammalian cells, to generate 3' OH and nonligatable 5' deoxyribose phosphate (dRP) residues. In the nucleus, the 5' dRP could be removed by DNA polymerase  (pol ) via its intrinsic dRP lyase activity. In the mitochondria, the DNA polymerase  (pol with similar dRP lyase activity is also able to remove the dRP moiety (14) . In the case of oxidized base repair by DNA glycosylases with intrinsic AP lyase activity, such as 8-oxoguanine-DNA glycosylase (OGG1), base excision is coupled to strand cleavage at the AP site with generation of 5' phosphate and 3' blocking phospho-, unsaturated aldehyde which is subsequently removed by the intrinsic 3' phosphodiesterase activity of APE1. This leaves a 3'OH that serves as the primer terminus for DNA repair synthesis. However, the absence of an aldehyde group in oxidized deoxyribose fragment at the 5' terminus after DNA strand break, as in the case of oxidized AP sites, precludes their removal by the dRP lyase activity of pol and in the nucleus and mitochondria, respectively. In such a case, the 5' blocking group in nu DNA together with additional nucleotides are removed by flap endonuclease 1 (FEN1), a 5' exo/endonuclease. Thus, the resulting gap filling by a DNA polymerase and nick sealing by DNA ligase during BER could proceed via two subpathways: singlenucleotide (SN)-BER where only the damage base is replaced or long-patch (LP)-BER where 2-6 additional nucleotides at the 5' terminus are removed by a 5' exo/endonuclease followed by resynthesis. In the nucleus, DNA ligase3 (lig3) is involved in SN-BER after pol  fills in the single nucleotide gap. FEN1-mediated gap is likely to be filled in by replicative DNA polymerases / followed by nick sealing with DNA ligase1 (lig1) although pol  has also been implicated (15) . In contrast to the situation in the nucleus with multiple DNA polymerases and ligases, their sole mt counterparts, pol  and lig3,are responsible for both replication and repair of mtDNA (16) .
Only SN-BER activity was known in the mitochondria until we and others discovered LP-BER activity in mt extract of mammalian cells; however, the identity of the mt 5' end-processing exo/endonuclease was not settled (17) (18) (19) (20) . Our group and Akbari et al reported that mt LP-BER is FEN1-independent.
We detected the presence of an unknown 5' exo/endonuclease activity in mt extract of mammalian cells which generated short (3-4 nucleotides) fragments, distinct from those generated by FEN1 (18) . In contrast, Liu et al have shown that repair of 2-deoxyribonolactone, a common AP site oxidation product, was dependent on FEN1 activity (19) .
Subsequently DNA2, a helicase/nuclease, which plays various roles in the processing of nu DNA intermediates during replication and repair in yeast, was shown to be present in the human mitochondria, and was proposed to process 5' flap intermediates in DNA, synergistically with FEN1 during mtDNA replication and LP-BER (21) . In addition, another 5' exo/endonuclease, EXOG, which localized exclusively in mitochondria, was identified as a paralog of Endonuclease G (EndoG), with nuclease activity towards ssDNA; however, its role in the maintenance of mt genome was not determined (22) .
In this report, we investigated the role of the three mt 5' exo/endonucleases and have shown that EXOG but not FEN1 nor DNA2 provides the critical 5' exonuclease activity for mt BER/SSBR. EXOG depletion causing accumulation of persistent SSBs in the mt, but not in nu genome, increases oxidative stress and induces mt dysfunction, thereby activating the intrinsic apoptotic pathway. More importantly, we have shown for a first time that persistent SSBs in the mt genome alone trigger apoptosis in mammalian cells which is suppressed in cells deficient in mtDNA. Those results underscore the importance of mt genome integrity in cell survival.
Experimental procedures
Cell Culture. The human lines HeLa, MCF7 and HCT 116 (p53+/+) were grown in DMEM and McCoy's media, respectively. A549 cells were grown in F12 medium. Respiration-deficient (A549 rho0) cells were established by maintaining A549 cells in the culture medium containing 50 ng/mL ethidium bromide for >60 population doublings. When cells became respirationdeficient, the medium was supplemented with 50 μg/mL uridine, 120 μg/mL sodium pyruvate, and 50 ng/mL ethidium bromide (23) . All cell lines were obtained from the American Type Culture Collection (ATCC). The culture media were supplemented with 50 units/mL penicillin, 50 μg/mL streptomycin and 10% heat-inactivated FBS.
Preparation of Whole Cell, Nuclear and Mitochondrial Extract, Western Blot and Immunoprecipitation. Whole cell, nuclear and mitochondrial extract were prepared as described earlier (24) . Protein concentrations were determined using Bradford reagent (Bio-Rad) using bovine serum albumin (BSA) as the standard. Western analysis was performed as described in (25) FLAGpeptide immunoprecipitation was performed as described earlier (18) using FLAG M2-agarose beads incubated with ~1 mg of mitochondrial extract isolated from HeLa cells transiently transfected with human EXOG containing FLAG on C-terminus. Human EXOG cDNA was cloned into p3x-FLAG-CMV-14 vector (SIGMA) as described in (22) .
Protein Depletion with siRNA. HeLa, HCT 116 or A549 cells were transfected with 40 nM siRNA specific for FEN1 (Santa Cruz Biotechnology, cat# sc-37795), DNA2 (Santa Cruz Biotechnology, cat# sc-90458), EXOG (Invitrogen, cat# ENDOGL1HSS115057) or control using Lipofectamine 2000 (Invitrogen) per the manufacturer's protocol. To optimize the siRNA concentration for maximal target depletion, preliminary transfections were carried out with 10-100 nM for each siRNA. The level of depletion was calculated by densitometric analysis of Western blots relatively to loading control of three independent experiments using Gel Logic 2200 and Molecular Imaging Software (Kodak). 
RT-PCR.

Assessment of Apoptosis, Superoxide Anion Level and Mitochondrial Membrane Depolarization.
Early apoptotic, late apoptotic and necrotic populations were characterized using the Annexin V-PE Apoptosis Detection Kit (BD Pharmingen) per the manufacturer's protocol. MitoSOX Red (Molecular Probes) was used to assess the level of superoxide anion generated in the mitochondria, according to manufacturer's recommendations. Mt membrane depolarization was analyzed using the MitoProbe JC-1 Assay Kit (Molecular Probes). In all cases, the cells were analyzed by flow cytometry (BectonDickinson FACSCanto at UTMB Flow Cytometry and Cell Sorting Core).
Extracellular flux (XF) analysis.
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA) as described (26) . Briefly, on the day before XF analysis, siRNA-transfected MCF7 cells were trypsinized and sub-cultured in an XF24 cell culture plate at 410 4 cells/well and incubated in 5% CO 2 incubator at 37 C for overnight. The cells were then washed and the growth medium was replaced with unbuffered DMEM. After incubating cells for another 60 min in a 37 C incubator without CO 2 , the OCR and ECAR measurements were performed simultaneously.
Quantification of DNA Damage.
Gene-specific semi-quantitative PCR assays for measuring DNA damage were performed as described earlier (27) using LongAmp Taq DNA Polymerase (New England BioLabs). Preliminary assays were carried out to ensure the linearity of PCR amplification with respect to number of cycles and DNA concentration. Damage to mtDNA was normalized to mt genome copy number determined by amplification of a 211bp fragment.
DNA Repair Synthesis Assay. The DNA repair assay was carried out as described earlier (18, 28) . Briefly, the 20 μL assay mixture contained 20 M each of 4 unlabeled dNTPs, 4 μCi [α- 32 P]dATP, mitochondrial or nuclear protein extract (5-10 μg), and duplex oligo substrate in assay buffer. After incubation at 37°C for 30 min, the products were separated from the substrates by electrophoresis in a 20% acrylamide/7 M urea gel. The radioactivity in these bands was quantitated in a PhosphorImager (Molecular Dynamics) using ImageQuant software. Preliminary enzyme assays were carried out to ensure the linearity of the reaction with respect to both time and the amount of extract. To rule out strand displacement during LP-BER, we also performed repair assay using 3'-32 P labeled oligonucleotide (18) . The specific activity of APE was calculated as previously reported (29) . Recombinant EXOG was purified and its specific activity determined using gap-and flap-specific substrates as described earlier (18, 30 (Fig.1A,B) .
Massive cell death was observed only after depleting EXOG, but not FEN1 nor DNA2, as assessed by plasma membrane permeability and externalization of phosphatidylserine.
Such analysis discriminates early apoptotic (Annexin Vpositive, 7-Amino-actinomycin D (7-AAD)-negative), from late apoptotic (Annexin Vpositive, 7-AAD-positive), or necrotic (Annexin V-negative, 7-AAD-positive) cell populations (31, 32) .
We observed significant increase in the levels of early and late apoptotic but not necrotic cell populations at 48 h post-transfection in EXOG-depleted cells for both lines, but not after depleting FEN1 nor DNA2 (Fig.1C,D , and supplemental Fig.1A,B) .
Only prolonged (4-day) incubation with FEN1-siRNA caused apoptosis (data not shown), presumably due to FEN1's essential role in maintaining integrity of the nu genome and thus cell survival (19) . On the other hand, we did not detect any type of cell death after DNA2 depletion, even after longer (4-day) siRNA treatment (data not shown). Although mtDNA replication is independent of the cell cycle (33), we tested the effect of depletion of each of the three 5' exo/endonucleases on the level of BrdU incorporation into DNA of HCT cells stained with 7-AAD at 48 h after siRNA transfection (34) . Significant increase (~5-fold) in the sub-G 1 cell population was observed only after depletion of EXOG compared to the control (supplemental Fig.2A,B) , which further supports our conclusion that EXOG depletion activates cell death. (Fig.2A) . This was accompanied by significant decrease in the procaspase-9 level at 36 and 48 h post transfection, together with activation of caspase-3 but not of caspase-8 ( Fig.2A) . In addition, the 24KDa PARP cleavage product, an apoptosis hallmark (38, 39) , was detected at 36 and 48 h after EXOG depletion ( Fig.2A) .
Depletion of EXOG Activates Intrinsic Apoptotic Pathway due to
Increase in early apoptotic cells could be observed at 24 h after EXOG-siRNA transfection, and late apoptosis at 36 h (Fig.2B) . The lack of offtarget effect in activation of caspase-3 was tested by co-expression siRNA resistant EXOG which prevented caspase-3 activation (not shown). Depolarization of the mt membrane potential significantly increased at 36 and 48 h after transfection compared to control after depletion of EXOG but not of FEN1 nor DNA2 (supplemental Fig.3B,C,D) .
Moreover, superoxide generation, presumably due to the loss of mt membrane potential (40) , was observed only in EXOG-but not FEN1-nor DNA2-depleted cells (Fig.2C and supplemental  Fig.4A,B) .
These results indicate that EXOG depletion causes a loss of mt functions which in turn activates the intrinsic apoptotic pathway.
In order to test whether EXOG-depletion affects mt function, we knocked down EXOG in MCF7 cells and studied oxygen consumption using a Seahorse Flux analyzer. This instrument simultaneously measures the oxygen consumption rate (OCR), a measure of OXPHOS and extracellular acidification rate (ECAR) a measure of lactate production via glycolysis (26) . MCF7 breast cancer cells were chosen for these experiments because of their caspase-3 deficiency (41,42) and therefore would be expected not to undergo apoptosis following loss of EXOG. Apoptosis could alter oxidative phosphorylation and might obscure any direct effects of EXOGdepletion. EXOG knockdown in MCF7 cells reduced basal OCR and ATP-linked OCR by over 2-fold ( Fig.2D and  supplemental Fig.5) . Surprisingly, these cells did not show compensatory increase in glycolysis. These data indicate that loss of EXOG causes decline in OXPHOS capacity, and therefore overall bioenergetics in the cell.
EXOG Depletion Decreases Mt Genome Integrity.
To evaluate the contribution of EXOG, FEN1 and DNA2 to the maintenance of mt genomic integrity, we measured the level of damage in mt and nu DNA by semi-quantitative PCR of long genomic fragments (27) .
This assay measures integrity of both mt and nu genome, by quantifying mostly SSBs since majority of oxidatively damaged base lesions in the genomes are by-passed by DNA polymerases (8, 43) . The mt-specific DNA fragment in EXOG-depleted HeLa cells had 25% and 50% less amplification relative to the control at 24 and 48 h after siRNA transfection, respectively (Fig.3A , and supplemental Fig.6A ). In contrast, 20% less amplification was observed for a nuspecific DNA region in EXOG-depleted cells only at 48 h after siRNA transfection (Fig.3B, and supplemental Fig.6A ). The level of nu DNA damage was further investigated by Comet analysis in alkaline condition of HeLa cell DNA (44) , which showed no significant increase in the tail moment at 48 h after EXOG-siRNA transfection (supplemental Fig.S7 ). These results indicate that EXOG depletion causes accumulation of SSBs predominantly in the mt genome. On the other hand, FEN1 depletion did not affect the integrity of the mt genome under similar conditions, while accumulation of nu DNA damage was observed (Fig.3A,B , and supplemental Fig.6B ). We conclude that FEN1's primary role is to maintain integrity of the nu genome, as was also suggested earlier (18, 20, 45) . Interestingly, DNA2 depletion had no sustained effect on the integrity of the nu genome, although an early increase in mtDNA damage was detected (at 12 h posttransfection), which appears to have been subsequently repaired (Fig.3A,B , and supplemental Fig.6C ). These results suggest that DNA2 is also involved in maintaining mt genome integrity, but its deficiency is eventually compensated by EXOG or other yet unknown 5' exonuclease(s) as suggested earlier (21) .
EXOG Provides Critical 5' Endprocessing Activity for Mt LP-BER/SSBR.
The repair of SSBs containing 5' blocking, oxidized deoxyribose fragments in mtDNA would require 5' end-processing by one of the 5' exo/endonucleases, which our results so far indicate to be EXOG. To confirm that EXOG contributes most if not all of the 5' end-processing activity, we examined repair activity of mt extract for the AP analog tetrahydrofuran (THF) incorporated in a duplex oligonucleotide (18) . THF is an AP site mimic whose repair is initiated by APE1 to generate 3' OH and 5' THF-phosphate; the latter is resistant to 5'AP lyase activity of pol . Thus its removal prior to ligation of strand break would require a 5' exonuclease.
A 52nt band signifying complete repair was observed with mt extract from control, FEN1-or DNA2-depleted cells (Fig.4A) . On the other hand, a 32-34nt band, corresponding to the repair intermediate product prior to repair synthesis, was generated with the mt extract from EXOG-depleted cells (Fig.4A) . This indicates that EXOG provides the critical 5' end-cleaning activity which could not be substituted with FEN1 or DNA2. Thus, EXOG deficiency would generate SSBs as incomplete repair products in the mt genome as we have documented earlier. Furthermore, this observation indicates the lack of strand displacement in our assay which does not require 5' end-processing. We performed similar in vitro DNA repair synthesis assays with nu extract from control and EXOG-depleted cells, and did not observe any significant difference, which further confirms the role of EXOG as the 5' end-cleaning enzyme specifically for mt SSBR (Fig.4B ). In addition, we observed similar levels of APE activity, the primary 3' end-cleaning enzyme in mammalian cells in mt extract from cells in which 5' exo/endonucleases were individually depleted (Fig.4C) . Based on our previous observation that mt repair proteins form a complex for performing BER/SSBR (18), we isolated EXOG immunocomplexes from mt extract and demonstrated the presence of APE1, DNA lig3 and the catalytic subunit of DNA pol  (Fig.4D ). Since our previous report indicated the presence of an unknown 5' exonuclease generating short DNA products with gap or flap DNA substrates (18), we tested EXOG-specific activity using similar gap and flap DNA substrates. Regardless of the substrate type, we consistently observed 2nt reaction products (Fig.4E,F) . In addition, we performed DNA repair synthesis assay with mt extract isolated from HeLa cell transfected with control or EXOG-specific siRNA and shown that the loss of full-length repair product with EXOG-depleted extract could be restored when recombinant EXOG protein was added to the reaction mixture (Fig.4G) . These results clearly established EXOG as the major 5' exonuclease for mt LP-BER.
Mt DNA-depleted Cells are Resistant to Cell Death due to EXOG Deficiency. Our studies so far indicate that the accumulation of unrepaired SSBs generated in mtDNA induces the intrinsic apoptotic pathway. To test this further, we utilized A549 cells in which the mtDNA was depleted to an undetectable level (rho0) prior to EXOG knockdown (Fig.5A) . SiRNA transfection resulted in >80% reduction of EXOG polypeptide in both, parental and rho0 cell lines (Fig.5B) . While EXOG depletion caused 3-and 4-fold increase in early and late apoptotic cell population in mtDNA containing normal A549 cells, there was no significant increase in the number of apoptotic cells in A549 rho0 cells compared to control-siRNA treated cells (Fig.5C,D) . To confirm that apoptosis could be induced in A549 rho0 cells, we incubated these cells with 50 M etoposide, a nuclear DNA topoisomerase II inhibitor (46) and observed significant fraction of apoptotic cells (supplemental Fig.8 ).
In addition, depolarization of the mt membrane potential in A549 rho0 cells was not affected after EXOG-depletion in contrast to that in A549 cells (Fig.5E) . These results together with those in Fig. 2 , indicate that mt dysfunction due to EXOG-depletion is directly linked to mt genome integrity and thus provide the first direct evidence that persistent SSBs specifically in the mt genome activate intrinsic apoptosis.
DISCUSSION
Our results show that EXOG is an essential component of the BER/SSBR in the mitochondria whose depletion causes accumulation of unrepaired SSBs specifically in the mt genome, triggering intrinsic apoptotic pathway. We propose that compromising the integrity of the mt genome causes mt dysfunction reflected by depolarization of mt membrane potential, OXPHOS decline and spiraling increase in ROS level that further damages mt genome as the immediate target, and subsequently the nu genome (Fig.6 ). Here we have also shown that EXOG forms a complex with mt repair proteins, APE1, DNA pol  and DNA lig3to carry out SSBR and its activity could not be compensated by other mt 5' exonucleases, in support of our previous results (18) . We should point out that the timeline of cellular events due to EXOGdepletion warrants detailed analysis because some of these events could occur simultaneously.
EXOG was identified as a dimeric mt-specific enzyme, with a bona fide mitochondrial leader sequence, which in contrast to EndoG possesses 5' exonuclease activity (22, 30) .
Moreover, while mammalian EndoG acts on single-or double-stranded DNA and RNA at similar rates, EXOG was found to prefer singlestranded DNA substrate (22) . Such difference in substrate specificity suggests distinct cellular functions of EXOG and EndoG.
EndoG plays a role in cell proliferation and DNA recombination (47) in addition to its well established function in cell death (32) . Our results suggest a similar, critical role of EXOG in maintaining mt genome integrity as a component of the mt BER/SSBR machinery. The roles of two other two 5' exo/endonucleases, DNA2 and FEN1, mt genome repair appears to be more complex. Yeast DNA2 (yDNA2), with 5'-3' DNAdependent helicase and ATPase activity on forked DNA, together with exonuclease activity with protruding ssDNA, was identified as an essential nuclear protein (48, 49) . Both DNA2 and FEN1 were proposed to be involved in maturation of Okazaki fragments during DNA replication in yeast (50) . The recombinant human DNA2 (hDNA2) shows similar enzymatic activity as yDNA2 (51) and interacts with FEN1 suggesting their complementary role during nu DNA replication (52) . Interestingly, in contrast to the situation in yeast, hDNA2 was initially proposed to be localized exclusively in the mitochondria (21) although its nuclear localization was subsequently established (53) . Depletion of hDNA2 reduced the level of mtDNA replication intermediate (53) . Interaction of hDNA2 with DNA pol , the only DNA polymerase in mitochondria involved in both replication and repair, further supports its important role in biogenesis of mt genome (21) . It was suggested that hDNA2 together with FEN1 processes flap intermediates during mt DNA replication and repair (19) .
Mouse and human cells depleted of individual DNA glycosylases do not show strong cellular effect/phenotype despite of significant accumulation of multiple oxidatively damaged bases (54) (55) (56) (57) . It thus appears that extensive accumulation of oxidative DNA base lesions, in nu or mt genomes, does not limit life span of mouse nor cause severe cellular effect (58, 59) . On the other hand, cells depleted from mt DNA pol , DNA lig3F or APE1 are embryonic lethal in mouse or causes apoptosis in cultured cells (60) (61) (62) (63) . Thus maintaining integrity of mt and nu genomes via faithful SSBR is a prerequisite for cell survival. Here we have shown that EXOG is critical for integrity of mt genome and its depletion triggers intrinsic apoptotic pathway. More importantly, this trigger is absent in cells deficient in mtDNA. While the rho0 cells do not exist naturally, they provide a unique opportunity for studying the role of mtDNA in cellular processes (64) (65) (66) . However, how mt damage triggers cellular signaling activate the apoptotic warrants further investigation. In response to nu DNA damage, eukaryotic cells activate a kinase-based checkpoint signaling network to arrest cell cycle progression and recruit repair machinery or trigger programmed cell death or senescence if the damage is extensive (67) (68) (69) .
The DNA damage response network can be divided into two major protein kinase signaling branches which function through the upstream kinases, ATM and ATR which are critical initiators of the G 1 /S, intra-S and G 2 /M cellcycle checkpoints through activation of their downstream effector kinases Chk2 and Chk1, respectively (69) (70) (71) (72) . Phosphorylation of Chk2 was recently shown to be significantly enhanced in cells with mtDNA damage caused by menadione treatment leading to G 2 -M cell cycle arrest (73) .
In conclusion, we have provided the first evidence that mt genome damage alone activates programmed cell death. Furthermore, depletion of EXOG could unravel the signaling pathways activated by mtDNA damage. EXOG could be explored as a therapeutic target to initiate tumor cell death. . 
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